Temperature and respiratory gas (CO 2 and O 2 ) concentrations were measured in the foraging tunnels of burrows naturally inhabited by two species of southern African mole-rats, the Cape mole-rat Georhychus capensis and the Damaraland mole-rat Cryptomys damarensis. Both species are completely fossorial and inhabit closed burrow systems. Tunnels of G. capensis burrows had a mean diameter of 8.7 cm and a depth, measured to the roof of the tunnel, of 6.2 cm; those of C. damarensis had a mean diameter of 6.5 cm and depth of 40 cm. In both species, the mean concentration of CO 2 was higher, and mean concentration of O 2 lower, in burrows than in the surrounding soil or in ambient air. Mean and minimum values of O 2 were 20.4% and 19.8%, respectively, in G. capensis and 20.4% and 19.9% in C. damarensis; mean and maximum values of CO 2 were 0.4% and 1.2% in G. capensis and 0.4% and 6.0% in C. damarensis. Temperature varied between 18.5 and 24.2 8C in burrows of G. capensis by comparison with an ambient range of 16.9 to 26.8 8C; and from 19.6 to 29.3 8C in burrows of C. damarensis by comparison with an ambient range of 8.6 to 30.8 8C. Thus a burrowing habit seems to offer both species protection from extremes of temperature without entailing the cost of a grossly abnormal respiratory environment. From a review of the relevant literature, we conclude that average concentrations of CO 2 and O 2 in mammalian burrows often do not differ greatly from ambient values. However, more work is needed to determine the respiratory gas concentrations in the immediate vicinity of active, burrowing animals.
INTRODUCTION
The habit of living or nesting in burrows is generally acknowledged to offer two major advantages, i.e. protection from predators and from climatic extremes (e.g. Boggs, Kilgore & Birchard, 1984; Reichman & Smith, 1990) . These advantages have resulted in the adoption of a fossorial or semi-fossorial lifestyle by a wide range of mammals in a variety of different environments: for example, 447 of 777 genera of terrestrial mammals contain species that engage in a signi®cant degree of burrowing behaviour (Kinlaw, 1999) , while 35 genera contain completely subterranean representatives (Nevo, 1979) .
Although it is clear that burrows offer a relatively constant environment of temperature and humidity (e.g. Vorhies, 1945; Kennerley, 1964; Kay & Whitford, 1978) , less is known about the respiratory conditions to which burrowing mammals are subjected. In principle, respiratory gas concentrations are expected to be both more extreme and more variable within burrows than on the surface, depending on factors such as the nature of the soil in which the burrow is constructed; architectural features of the burrow itself, such as its length, volume, depth and number of entrances; the number and rate of metabolism of its occupants; and the proportion of time for which the burrow is occupied (e.g. McNab, 1966; Wilson & Kilgore, 1978; Withers, 1978) . Some studies have reported remarkably low levels of O 2 and/or high levels of CO 2 within occupied burrows (e.g. Kuhnen, 1986 in golden hamsters Mesocricetus auratus; Hayward 1966 in rabbits Oryctolagus cuniculus); and there is evidence that burrowing mammals and birds tend to be more tolerant of hypoxia and hypercarbia than comparable surface-dwelling species (McNab, 1966; Boggs et al., 1984) . On the other hand, some studies of the internal environment of mammal burrows report O 2 and CO 2 concentrations that differ little, if at all, from the ambient (e.g. Soholt, 1974 in Merriam's kangaroo rat Dipodomys merriami; Kay & Whitford, 1978 in the banner-tailed kangaroo rat Dipodomys spectabilis; Roper & Kemenes, 1997 in the Eurasian badger Meles meles). Thus it would be wrong to assume that burrowing mammals necessarily experience a signi®cant degree of hypoxia or hypercapnia.
In the present study we investigated environmental conditions (temperature, air movements and concentrations of CO 2 and O 2 ) in natural burrows of two species of completely fossorial African mole-rat, the Cape mole-rat Georhychus capensis and the Damaraland mole-rat Cryptomys damarensis. A previous study (Bennett, Jarvis & Davies, 1988) investigated daily and seasonal changes in burrow temperature in these and three other species of African mole-rats, but no data are available on respiratory gas concentrations or air movements within the burrows of any member of this group of animals. Since G. capensis is solitary and inhabits a shallow burrow system (Lovegrove & Jarvis, 1986) , whereas C. damarensis lives in colonies of up to 40 individuals and has deeper burrows (Bennett, Faulkes & Jarvis, 1999) , we expected respiratory gas concentrations to be less skewed and less variable in burrows of G. capensis than in those of C. damarensis.
METHODS

Apparatus
Respiratory gas concentrations (CO 2 and O 2 ) were measured using a portable environmental gas monitor (EGM-1; PP Systems, Hitchin, U.K.) containing a battery-operated electric pump. This drew air from the environment at a rate of 0.3 l min 71 , through a 2-m long silicon tube of 0.5 cm diameter. During times when the pump was running, CO 2 and O 2 concentration were continuously monitored and average values displayed every 6 s (CO 2 ) or 12 s (O 2 ). Temperature was measured to within 0.1 8C using a hand-held digital thermometer (Cole-Parmer, U.K.) ®tted with detachable 1-m long thermocouple wires. Air movements were measured by means of a platinum hot-wire anemometer (129 MS; Solomat Ltd, Bishops Stortford, U.K.) ®tted with a telescopic probe 30 cm long and 0.5 cm in diameter, accurate to within 0.1 m s 71 for air speeds of up to 5 m s 71 . The study was carried out in March 1998.
Georhychus capensis burrows
The G. capensis burrows were located in a grass-covered bank of dry, loamy soil on the campus of the University of Cape Town (33856'S, 18828'E). Separate burrow systems were identi®able from the pattern of surface mole-hills, and underground tunnels were located by probing the soil between 2 neighbouring mole-hills with a 0.5-cm diameter steel rod. When a tunnel was found, a 1 m length of 1-cm diameter plastic tubing was pushed into it as far as possible, the soil around the tubing was ®rmed down and the protruding end of the tubing was closed by means of a hose-clip. To measure respiratory gas concentrations, the hose-clip was removed, the silicon tube attached to the gas analyser was inserted, and the gap between the 2 tubes was sealed with`Plastitak'. Readings of CO 2 and O 2 concentration were then taken until stable values were obtained, usually after about 30 s. Soil gas levels were recorded by sampling air from 9 blind-ending dummy`burrows', dug by us at the same depth as real burrows at distances of at least 2 m from the nearest real burrow system. Ambient gas levels were recorded by sampling free air at a height of 1 m above the ground, at both real and dummy burrows. Temperature was monitored by a digital telethermometer (APPA Technology, Taipei) inserted into each of 2 burrows, and was also measured on the surface and 1 m above the surface of the ground. All of these measurements were taken every 2 h over 2 consecutive 24-h periods, with data being recorded on odd-numbered hours for the ®rst 24-h period and on even-numbered hours for the second. Thus data could be combined from the 2 periods to yield a 24-h series of measurements at hourly intervals. The period of 2 h between successive measurements was chosen to allow gas levels to equilibrate within the sampled burrows before the next sampling episode. Measurements of air movement were made in 5 tunnels by pushing a 0.5-cm steel rod down into the tunnel from the soil surface, withdrawing it and inserting the anemometer probe directly into the resulting hole. Soil was heaped around the protruding part of the probe to ensure that no air could enter the burrow system by that route. Maximum, minimum and mean air speeds were recorded over 5 consecutive 1-min periods, in each tunnel.
Following data collection, the tunnels from which recordings had been made were excavated to measure their depth and to check that the inserted plastic tubes or thermocouples had not been interfered with by the molerats. Live-traps were then placed in the tunnels and the mole-rats captured to verify that the burrows were occupied. Of 8 burrows from which gas levels were recorded, 1 burrow was uninhabited and in another the end of the gas sampling tube had been buried by the occupant. Data from these burrows were discarded, leaving successful measurements of respiratory gas concentration from 6 burrows that were known to have been occupied and in which the end of the sampling tube remained unobstructed throughout the sampling period.
Cryptomys damarensis burrows
The study population of C. damarensis was located in level, sandy soil at Hotazel (27817'S, 22858'E), near the southern boundary of the Kalahari. Tunnels were located by digging down manually into mole-hills, then inserting 2-m lengths of 1-cm plastic tube into the opened tunnels in the manner described above. The holes were then back-®lled. Tubes were inserted into 24 tunnels in 6 separate burrow systems. However, subsequent excavation revealed that 10 of the sampling tubes had been blocked by the burrow occupants during the period of data collection, so data from these tunnels were discarded. Trapping con®rmed that all of the burrow systems were occupied.
Valid data on respiratory gas concentrations were obtained from 14 tunnels belonging to 5 separate burrow systems, and from 9 dummy tunnels dug by us. Temperature was recorded from 2 tunnels, and also from the surface and 1 m above the ground. Recordings were made every 2 h over 2 consecutive 24-h periods, as described above. Owing to the greater depth of the C. damarensis burrows, it was not possible to record air movement within them.
RESULTS
Burrow depths
Tunnels belonging to G. capensis burrows (n = 8) had a mean diameter of 8.7 cm (range 7±10 cm) and ran horizontally through the soil at a mean depth, measured to the roof of the tunnel, of 6.2 cm (range 3±9 cm). Cryptomys damarensis tunnels (n = 24) had a mean diameter of 6.5 cm (range 5±8 cm) and were located at a mean depth of 40 cm (range 21±48 cm).
Respiratory gas concentrations
In both species, the mean concentration of O 2 was highest in ambient air, intermediate in dummy burrows and lowest in inhabited burrows (Fig. 1) . In G. capensis, pairwise comparisons between all three sets of measurements were signi®cant (Table 1 ). In C. damarensis the O 2 concentration of both dummy and inhabited burrows differed signi®cantly from that of ambient air, but the difference between dummy and inhabited burrows, although in the expected direction, was not signi®cant (W x = 79, P < 0.1 two-tailed) (see Table 1 ).
The mean and minimum values for O 2 concentrations were 20.4% and 19.8%, respectively, in burrows of G. capensis; and 20.4% and 19.9% for C. damarensis.
Conversely, CO 2 concentrations in both species were lowest in ambient air and highest in inhabited burrows (Fig. 2) . Pairwise comparisons between all three conditions were signi®cant for G. capensis. In C. damarensis, ambient CO 2 concentration differed signi®cantly from within-burrow concentration in both real and dummy burrows, but there was no signi®cant difference between dummy and inhabited burrows ( Table 1) . The mean and maximum CO 2 concentrations were 0.4% and 1.2%, respectively, in burrows of G. capensis; and 0.4% and 6.4% for C. damarensis.
There was some indication of a diurnal rhythm in CO 2 concentration in burrows of C. damarensis, with a maximum at about 15.00 and a minimum at about 03.00 (curves with 24-h periodicity were ®tted, see Conradt (in press) for method: F-tests, d.f. = 2, 22, P < 0.05 in nine out of the 14 tunnels sampled). A similar rhythm appeared in the dummy burrows and was signi®cant (P < 0.05) in ®ve of nine burrows. There was no evidence of a diurnal rhythm in CO 2 concentration in burrows of G. capensis, nor in O 2 concentration in either species. Table 1 . Comparisons between respiratory gas concentrations in ambient air, dummy burrows (`soil') and inhabited burrows in each of the two species. All P values are two-tailed. * = P < 0.05; ** = P < 0.001; *** = P < 0.001 (Siegel & Castellan, 1988) . 
Temperature
In both species, mean within-burrow temperature was similar to mean temperature on the surface of the ground, and somewhat higher than mean air temperature (Table 2 ). However, in both species the temperature range was smallest within burrows (mean range 5.7 8C in G. capensis, 9.7 8C in C. damarensis) and greatest on the surface of the ground (mean range 28 8C in G. capensis, 42.6 8C in C. damarensis). Thus, within-burrow temperature was buffered to a substantial extent against external temperature changes. Air, soil-surface and within-burrow temperatures all showed a clear diurnal rhythm but the phase of the burrow temperature rhythm was delayed relative to that of air and soil-surface temperatures, by about 1±2 h in G. capensis and 4±5 h in C. damarensis (Table 2) .
Air movements
No air movements were detectable in any of the burrows of G. capensis that we investigated.
DISCUSSION
In line with the results of previous studies of these and other species of fossorial and semi-fossorial mammals (e.g. Schmidt-Nielsen & Schmidt-Nielsen, 1950; Kennerly, 1964; Bennett, Jarvis et al., 1988; Arnold et al., 1991) , the temperature range recorded in burrows of G. capensis and C. damarensis was substantially less than that of the ambient or soil surface. In addition, mean temperatures were slightly higher within burrows than outside them and the diurnal cycle of temperaturē uctuations within burrows was delayed by comparison with temperature changes occurring on the surface. This delay was longer in C. damarensis (4±5 h) than in G. capensis (1±2 h), as would be expected given the between-species difference in burrow depth.
As expected, respiratory gas concentrations showed higher levels of CO 2 and lower levels of O 2 within burrows than on the surface, in both species. However, the degree to which respiratory gas concentrations were skewed by comparison with ambient (mean increase in CO 2 and reduction in O 2 of about 0.4%) was less than would be required to produce respiratory distress in a normal terrestrial mammal; and there was no betweenspecies difference in within-burrow respiratory gas concentrations even though C. damarensis burrows were deeper and contained more individuals than those of G. capensis. Thus the most striking feature of the results is that the respiratory environment within the burrows of both species is close to normal, especially given that the burrows are closed and that no air movement was detected (at least for G. capensis) within them.
Although it is often assumed that all burrowing mammals operate in signi®cantly abnormal respiratory conditions (e.g. Darden, 1972; Boggs et al., 1984; Reichman & Smith, 1990 ) the available evidence across a range of species shows considerable variation in within-burrow levels of CO 2 and O 2 (see Table 3 for a summary). Values as extreme as 9.0% CO 2 and 6.0% O 2 have been recorded, but most of the studies listed in Table 3 show mean respiratory gas levels that differ by only 1±2% from ambient. In addition, caution is required in interpreting some of the most extreme results because the studies were conducted in unnatural conditions and/or with arti®cial burrows. For example, Kuhnen's (1986) widely cited study of golden hamsters recorded conditions in burrows that were dug by captive animals in a soil-®lled tank, where the scope for exchange of CO 2 and O 2 by diffusion between the burrow and surrounding soil may have been reduced. Hayward's (1966) study of rabbits involved con®ning the animals within their burrows using a wire-mesh barrier for abnormal lengths of time (some of the rabbits died). An early study by Kennerly (1964) , reports the remarkably low minimum O 2 level of 6% in natural burrows of pocket gophers, but since this Baudinette (1972) . h Hall & Myers (1978) . i Jarvis & Bennett (1993). reduction in O 2 was not matched by a correspondingly high concentration of CO 2 it may have been a rogue result. In any case, such low levels of O 2 were clearly exceptional as the mean O 2 concentration in the gopher burrows was 20% (i.e. close to ambient).
Common sense and theoretical models (Wilson & Kilgore, 1978; Withers, 1978) suggest that the main variables affecting the within-burrow environment should be the depth and dimensions of the burrow; the metabolic rate, number and degree of fossoriality of the occupants; whether or not the burrow is open to the surface; and the moisture content and degree of porosity of the soil. However, two-sample comparisons (Mann± Whitney U-tests) carried out on the data shown in Table 1 , independently comparing the minimum, maximum and mean concentrations of CO 2 and O 2 , showed no signi®cant differences in any of these measures between sealed vs open burrows, and a signi®cant difference only in mean oxygen concentration when comparing fossorial vs semi-fossorial occupants (see Table 4 ). Nor was there a signi®cant correlation (Spearman rank correlation coef®cient) between burrow depth and any of the six measures of respiratory environment (P > 0.5 in all). Only two studies enable a direct comparison to be made between different soil types in the same species and these show con¯icting results: Arieli (1979) found lower levels of O 2 and higher levels of CO 2 in heavy compared with light soil in the closed burrow system of blind mole-rats, whereas Roper & Kemenes (1997) found no difference in the open, multientrance burrows of Eurasian badgers.
One variable that is often ignored in studies of withinburrow environment is the contribution made by soil ora and fauna other than the burrow occupant(s). That is, most studies have only recorded respiratory gas concentrations in the burrow and in the atmosphere, not in the soil itself. In our study, soil CO 2 and O 2 concentrations were intermediate between withinburrow and atmospheric concentrations. In most other studies for which relevant data are available (Table 5) , a similar pattern of results is apparent: i.e. CO 2 concentration is higher in the burrow than in the surrounding soil, and O 2 concentration is lower. However, Arieli (1979) and Schaefer & Sadleir (1979) both found higher concentrations of O 2 and lower concentrations of CO 2 in burrows, indicating that burrows can sometimes be better ventilated than the surrounding soil. These results are especially remarkable given that the species studied, blind mole-rat Spalax ehrenbergi and coast mole Scapanus orarius, inhabit sealed burrows.
To summarize, although the literature on the respiratory conditions within mammalian burrows is now moderately large, differences in methodology, combined with presumably real variation within and between species, severely limit the conclusions that can be drawn. In addition, where a genuine difference is indicated between within-burrow and ambient conditions, it cannot always be assumed that this is the result of the respiratory activity of the burrow occupant(s), as opposed to being a feature of the surrounding soil. However, an important limitation of all the studies listed in Table 3 , and of the present one, is that because of the relatively stagnant atmosphere within animal burrows, respiratory gas concentrations may become more skewed in the immediate vicinity of an animal than in the burrow system as a whole, especially when the animal is active (Seymour & Seely, 1996) . Thus, mean within-burrow concentrations of CO 2 and O 2 may not re¯ect the respiratory environment that the animal actually experiences. 
